[1] The kinetics of the reaction (Mg,Fe)-olivine + H 2 O → serpentine + magnetite + brucite + H 2 were investigated at 500 bars in the 250-350 C range using natural olivine (San Carlos; Fo 91 ) with grain sizes between 1 and 150 mm and for run durations up to 514 d. The amount of magnetite produced, which directly relates to reaction progress, was accurately monitored using up to 24 time-resolved magnetic measurements per experiment. Eighty percent of serpentinization was achieved after 60 d for olivine grain sizes of 5-15 mm and after 500 d for grain sizes of 50-63 mm. Serpentinization kinetics were found to be inversely proportional to the geometrical surface area of the starting olivine grains. They were one or two orders of magnitude slower than serpentinization kinetics commonly used for modeling serpentinization-related processes. The nature of the serpentine mineral product depended on the initial olivine grain size (IGS); for IGS in the 5-150 mm range lizardite formed, and olivine dissolution was the rate-limiting process. At IGS below 5 mm, chrysotile crystallized instead of lizardite, and the relationship between olivine surface area and reaction kinetics no longer held. We infer that for such small olivine grain sizes dissolution is no longer the rate-limiting process. Serpentinization in our experiments was associated with the creation of new reactive surface area according to two cooperative processes: etch pits formation associated with dissolution and grain fracturing for IGS above 20 mm. Interestingly, fractures and etch pits with similar geometry and sizes were also observed for residual olivine (with a typical grain size of 50 mm) in serpentinized peridotite samples from the Southwest Indian Ridge. This suggests that the processes governing olivine serpentinization kinetics in our experiments are similar to those prevailing in natural systems. We therefore suggest that the new kinetic data set that we present here, which encompasses a range of olivine grain sizes and reaction temperatures, is relevant to the serpentinization of olivine in the oceanic crust insofar as water is available.
Introduction
[2] Serpentinization reactions have been recognized to play a major role in modifying the physical properties of the oceanic lithosphere [i.e., Fyfe, 1974; Dyment and Arkani-Hamed, 1995; Escartín et al., 1997; Oufi et al., 2002] . These reactions have been extensively characterized at the thin section scale: for example, mineralogical identification of the serpentine polymorphs [Andreani et al., 2004] , geometry of the alteration texture or mesh texture [e.g., Wicks and Whittaker, 1977] , distribution of the magnetic minerals [Oufi et al., 2002] , reaction paths [Bach et al., 2006; Beard et al., 2009] , and crystallographic relationships between reactants and serpentine products [Rumori et al., 2004; Boudier et al., 2010] . The transposition of mineralogical serpentinization data to geophysical processes at the regional scale, for example, heat generation or fluid flow, has been addressed with numerical modeling [Allen and Seyfried, 2004; Delescluse and Chamot-Rooke, 2008; Emmanuel and Berkowitz, 2006; Iyer et al., 2010] . However, these models must directly or indirectly deal with the complex interplay between reaction, deformation and water transport in the rock medium. The rate of serpentinization reaction is indeed controlled (1) by the water supply 1 [MacDonald and Fyfe, 1985] which can itself be enhanced by fracturing promoted by the volume change associated with the reaction [Fletcher et al., 2006; Røyne et al., 2008; Rudge et al., 2010] and (2) by the kinetics of the reaction when water has permeated the rock. A general rate law for the kinetics of oceanic peridotite serpentinization is consequently a critical input parameter to any of such model. The rate of synthetic forsterite hydration determined experimentally by Martin and Fyfe [1970] has become over the years the reference data set to parameterize serpentinization kinetics in geophysical models. These authors showed that, between 200 and 325 C, more than 40 molar % olivine is transformed into hydrous products (chrysotile and brucite) within 200 h. Their experimental conversion rates for synthetic forsterite (initial grain size (IGS) of 58-79 mm) when plotted as a function of temperature, display a bell-shaped curve with a maximum centered around 260 C. Comparable conversion rates were found by Wegner and Ernst [1983] for synthetic forsterite (40 molar % of olivine transformed at 270 C and 1 kbar after 700 h, with IGS comprised between 62 and 74 mm). On the other hand, similar experiments (temperature and grain size) performed with natural olivine (Fo 85 ) by Martin and Fyfe [1970] (IGS = 58-79 mm; T = 250 C), as well as experimental studies dedicated to other purposes than kinetic investigation (Moody [1976] with IGS = 20-100 mm and T = 300-375 C; Normand et al. [2002] with IGS = 250-500 mm and T = 300 C; Seyfried et al. [2007] with IGS = 50-100 mm and T = 200 C; and Okamoto et al. [2011] with IGS < 125 mm and T = 250 C) have shown that olivine can remain present as a major phase after up to 8000 h in the C range. This apparent inconsistency raises the question of the applicability of the synthetic forsterite reaction rates determined by Martin and Fyfe [1970] to ground peridotite.
[3] The above inconsistency served as an incentive to reinvestigate experimentally the kinetics of olivine serpentinization. The results of experiments on ground peridotite reacting with seawater as well as the serpentinization textures of abyssal peridotites [Bach et al., 2006; Frost and Beard, 2007; Beard et al., 2009] , suggest that olivine hydration is the main serpentine-forming reaction, at least during the first stages of serpentinization. Therefore, we focused our kinetic study on olivine (as did Martin and Fyfe [1970] ), and specifically chose natural ironbearing olivine (San Carlos olivine, Fo 91 ) which is expected to exert a major control on the serpentinization kinetics of abyssal peridotites.
[4] In addition, we developed a new analytical tool to accurately determine the rate of olivine serpentinization. Magnetic quantification was used to monitor the amount of magnetite produced during Fe-bearing olivine hydration. We show in a companion paper [Malvoisin et al., 2012] that this method is capable of quantifying the amount of magnetite with a sensitivity on the order of 30 ppm. As anticipated with the experimental results by Moody [1976] , Normand et al. [2002] , and Seyfried et al. [2007] , our new experiments yielded reaction rates that were orders of magnitude slower than those determined by Martin and Fyfe [1970] and Wegner and Ernst [1983] using synthetic forsterite. At the end of the experiments, the mineralogy and the morphology of the reaction products were characterized. In addition, statistical analyses of residual olivine morphologies were carried out using scanning electron microscopy (SEM) images in order to identify the processes governing the serpentinization of San Carlos olivine. Finally, the microstructures of olivine from serpentinized peridotite samples collected at the Southwest Indian Ridge (EDUL cruise) were characterized and compared to reacted olivine grains from our experiments.
Methodology

Experimental and Analytical Methods
[5] San Carlos olivine powder (Fo 91 ) was reacted either with deionized water or with an aqueous solution containing 33 g/L of NaCl following the procedure described in the companion paper [Malvoisin et al., 2012] . The kinetics of the reaction were measured by using a high-sensitivity magnetic method that allows the retrieval of reaction progress from in situ saturation remanent magnetization measurements (see companion paper for details [Malvoisin et al., 2012] ).
[6] Serpentine mineralogy was characterized by Raman microspectrometry using a Renishaw inVia spectrometer (ENS, Paris) with a 514.5 nm argon laser focused through a DM LM Leica optical microscope. The surfaces of residual olivine grains were cleaned ultrasonically to remove hydration products. They were subsequently mounted with double-sided carbon tape and characterized by field emission SEM (Zeiss-Sigma TM equipped with a 50 mm 2 EDS detector; X-Max TM from Oxford Instrument). A fraction of the run product was embedded in epoxy, and then cut and polished for the study of (1) mineral chemistry using energy dispersive X-ray (EDX) analyses and (2) textural relationships between reactant and products, as well as olivine grain size and morphology, using backscattered electron (BSE) imaging and image analysis.
[7] The image analysis was based on the derivation of morphological parameters of residual olivine grains (size, ellipticity and contour/surface ratio). These parameters were determined on polished mounts from statistical BSE image analysis on a population of 180 to 6000 grains (depending on grain size) and with a pixel size ranging from 0.15 to 1.5 mm. Pixels were automatically attributed to olivine grains on the basis of color correlation criteria. In particular, the entropyfilt function in Matlab was used to remove contributions from serpentine minerals that are close in color to olivine but which are morphologically more complex. The binary images were then segmented in order to associate pixels from the same grain. Finally, an ellipse was adjusted to each grain contour in order to retrieve both major (a) and minor (b) ellipse semiaxes. The values obtained here were apparent values since they arose from two-dimensional geometrical properties obtained from grain sections. The relevance of the statistical analysis regarding the number of analyzed grains was checked using a numerical simulation for three populations of spheres (radii of 0.5, 5 and 20 mm) with different abundances (50, 10 and 1, respectively). The spheres were positioned randomly in 3-D space and cut along planes. In this simulation, morphological parameters were found to converge to 95% of their real value when using more than $200 grain sections. The apparent ellipticity (1-b/a) of each grain section and the apparent grain size (D app , calculated with the following formula: D app = sqrt(a*b)), were calculated both from the major and minor ellipse semiaxes (a and b, respectively) derived from image analysis. For a single grain, it should be noted that the mean of D app ( D app ) is not equal to the real grain size (D) which is underestimated because sections mainly do not crosscut the grain along its main section. For example, for a sphere,
Moreover, considering a given population of grains, both the abundance of grains with the same size and their corresponding radii, will influence the probability that they will be crosscut and, consequently, the value of D app . The ratio between the contour and surface area (C/S) for each grain section which strongly depends on grain size, was also measured. C/S is also an apparent value which depends on the grain size distribution within the investigated population. Even though D app and the C/S ratio are apparent parameters, they relate to real parameters, and thus they were used to track the evolution of the grain geometries.
[8] The dissolution kinetics of olivine were modeled using the geochemical code CHESS [van der Lee and De Windt, 2002] which in turn used the thermodynamic database chess.tdb, derived from the Lawrence Livermore National Laboratories equation 3/6 database.
Natural Samples
[9] Two samples (EDUL-DR25-3-1 and EDUL-DR25-7-5) of moderately serpentinized harzburgite dredged at 28.88 S and 61.94 E from the Southwest Indian Ridge during the EDUL cruise [Mével et al., 1997] were selected in order to compare our experimental results to serpentinized oceanic peridotites. The Southwest Indian Ridge has a very low spreading rate of $14 mm/yr [DeMets et al., 1994] and a low magma supply resulting in widespread exposure of variably serpentinized mantle rocks [Dick et al., 2003; Cannat et al., 2006] . We analyzed olivine morphologies in thin sections from these two samples using FE-SEM, in the same manner as for the experimentally altered olivine grains.
Results
[10] Seventeen experiments were performed at 500 bars at temperatures between 250 and 350 C. IGS of San Carlos olivine ranged between 1 and 150 mm (Table 1) . Experiments ranged from 200 to 12,000 h and up to twenty four magnetic measurements were performed during each experiment. A large range of reaction progress was examined, ranging from 1 to 90%. Finally, a rate law for olivine serpentinization which depends on both IGS (>5 mm) and temperature is given in Appendix A.
Mineralogy of the Reaction Products
[11] In all of the experiments the reaction products were composed of serpentine, brucite and magnetite. Magnetite sizes ranged from less than 1 mm up to 20 mm ( Figure 1a ). The coarser grains were euhedral in runs 5, 6 and 24 whereas in the other runs the large grains were aggregates of smaller grains (see companion paper for details [Malvoisin et al., 2012] ). Moreover, the magnetic properties of magnetite indicate a better crystallinity in runs conducted on the smaller IGS (runs 5, 6 and 24 [Malvoisin et al., 2012] ). Raman spectra collected on serpentine aggregates show a series of bands at 240 cm À1 , 3688 cm À1 , and 3703 cm À1 , and/or at 230 cm À1 , 3699 cm À1 , and 3685 cm À1 , which indicates the presence of lizardite and/or chrysotile, respectively [Lemaire et al., 1999; Auzende et al., 2004] (Table 1) . Chrysotile occurred as fibers of $10 nm in diameter, whereas lizardite had a micrometer size and exhibited a tabular or spherical habitus (Figures 1c and 1d ). Chrysotile mainly occurred in experiments with the smaller IGS (5 mm or less, i.e., runs 5, 6 and 24, Table 1 ). Brucite was euhedral with abundant cleavage planes and with grain sizes ranging from 10 to 100 mm ( Figure 1a ). Residual olivine from the Abbreviations are as follows: m Olivine, initial mass of olivine (mg); m Water, initial mass of water (mg); NaCl, presence or absence of NaCl in the starting fluid; S%, reaction progress; polymorph, serpentine polymorph (C and c for chrysotile as major and minor species, respectively, and L and l for lizardite as major and minor species); N sections, number of sections across olivine grains for the statistical analysis; WMD, weighted mean diameter of the residual olivine grains; N.D., not determined.
b Estimation using backscattered electron images.
c Reaction progress determined using infrared spectroscopy on powder sample [Malvoisin et al., 2012] . d Results from scanning electron microscopy morphological observations due to small amount of reaction products.
most reacted samples (>85% reaction progress) was apparently armored by brucite, possibly resulting in its isolation from the bulk solution.
[12] The distribution of iron between the magnetite and hydrous minerals (serpentine and brucite) was investigated through magnetic and EDX measurements in conjunction with thermochemical modeling [Malvoisin et al., 2012] . Iron was preferentially incorporated into magnetite with increasing temperature, and was exclusively hosted by magnetite at 350 C.
Reaction Progress Versus Time Curves
[13] When reaction progress is plotted as a function of time for experiments that were run to near completion (e.g., runs 2, 22 and 24, Figure 2a ), the corresponding curves display an overall sigmoidal form that can be divided into three domains (labeled I, II and III in Figures 2a and 2b ) that correspond to distinct reaction kinetic regimes. An initial, very rapid kinetic reaction stage (zero stage) is observed in a majority of the experiments ( Figure 2) ; see in particular runs 7 and 8 (Figure 2d ). This zero stage is interpreted as an artifact because of the presence of submicrometric particles remaining in the starting olivine powder. This effect is more pronounced for small olivine IGS: this initial reaction stage represents $5% of the total reaction extent for IGS of 5-15 mm (Figure 2b, run 22 ), but it is not observed for grain sizes of 100-150 mm (Figure 2d , runs 1 and 3). The serpentinization rate during this initial stage approaches 0.085% per hour for run 22 (IGS 5-15 mm).
[14] In the first stage (I), 20-25% of the reaction is achieved. This stage lasted only 275 h for small IGS (5-15 mm; e.g., run 22) and up to 9000 h for larger IGS (50-63 mm; e.g., run 2). These correspond to serpentinization rates of 0.065 and 0.003% per hour, respectively.
[15] The second stage (II), which accounts for $40% of the reaction, reveals the highest serpentinization kinetics: 0.15 and 0.016% per hour for runs 22 (5-15 mm) and 2 (50-63 mm), respectively.
[16] Finally, the reaction rates progressively decrease during the third stage (III) to rates that tend to zero as the reactions approach completion. Taken together, the three stages identified here define a sigmoidal function that recalls an Avrami-type kinetics law (see Appendix A).
Reaction Rate as a Function of Grain Size
[17] The serpentinization kinetics are strongly grain-size dependent, with higher serpentinization rates for the smallest grain sizes (Figures 2b and 2d ). For example, after 2000 h of reaction at 300 C and 500 bars, the reaction extent is of 89% for run 22 (IGS of 5 to 15 mm) and of only $0.3% for run 1 (IGS 100 to 150 mm). Similarly, 35% of reaction extent is achieved within 400, 6000 and 9400 h for IGS of 5-15, 38-50 and 50-63 mm, respectively. This latter observation shows that the serpentinization kinetics for IGS ≥ 5 mm is inversely proportional to the square of the IGS (i.e., to the initial grain surface).
[18] The kinetics of run 24 (IGS of 1-5 mm) and 22 (IGS of 5-15 mm) are found to be comparable (Figure 2b) . Therefore, the inverse squared relationship between serpentinization rate and IGS no longer holds for IGS <5 mm, although the general sigmoidal shape of the reaction progress time curve is independent of the IGS.
Influence of Temperature and NaCl on Serpentinization Kinetics
[19] In order to study the effect of temperature (at 500 bars) on olivine hydration kinetics (Figures 2c and 2d ), we performed a series of experiments with IGS in the 38-50 mm range at temperatures of 250 C (run 12), 270 C (run 11), 300 C (run 10) and 350 C (run 7 and 8: the results of these two runs are averaged for the kinetic analysis). None of these experiments reached completion (Figures 2c and 2d) . During Stage I, the reaction rates calculated assuming a linear progress of the reaction, are found to equal 4.91, 5.96, 6.86 and 0.15% per 10 3 h for experiments carried out at 250 C, 270 C, 300 C and 350 C, respectively. These rates show an asymmetric bellshaped curve dependency as a function of temperature. The highest reaction kinetics are achieved at $300 C, that is, at the bell curve maximum (see Appendix A).
[20] Experiments conducted with NaCl (runs 3 and 5) yielded kinetics that are comparable to those measured for the experiments conducted in pure water. Consequently, the influence of NaCl on the kinetics is of second order in comparison to the effect of grain size and temperature.
Microstructures of Olivine in Experimental Samples: Dissolution and Fracturing
[21] Examination of unreacted olivine grains by SEM shows that some grains display a few fractures. SEM images of residual olivine grains in the run products shows a much higher density of cracks. These cracks are clearly visible on secondary electron images since they were the locus of enhanced dissolution (Figure 3a) . Cracks cutting through the olivine grains are also observed on polished sections; in some instances, they split the grains into independent domains (Figure 3b ). Grain splitting could result from a hierarchical fracturing of the grains where newly created surfaces were exposed to dissolution, and then refractured. It cannot be excluded that fracturing preferentially occurred at preexisting cracks (crushed olivine) which were not necessarily observed by SEM. C for IGS of 38-50 mm (runs 7 and 8), respectively.
[22] Detailed inspection of grain surfaces after ultrasonic cleaning (Figures 3c, 3d , 3e and 3f) shows two types of surface roughness. Some olivine surfaces are smooth and devoid of any visible dissolution features at the submicrometric scale. Others surfaces are characterized by the presence of abundant etch pits (Figures 3a and 3b) . These dissolution features evolve, with increasing reaction progress, from isolated conical etch pits to network of polyhedral, and pyramidal mounts (Figures 3a, 3b and 3c) . Ultimately, the olivine surface displays a mammillated (sawtooth) topography (typically for reaction progresses greater than $20% (Figure 3d ) [Gravenor and Leavitt [1981] ). These topographical features have dimensions that attain 10 mm. From a geometrical point of view, mammillated surfaces can be approximated as a network of pyramids with amplitudes of 2.5 to 5 mm, with square bases 5 mm on a side. On the basis of this, the formation of these structures results in a theoretical increase in surface area of $200 to 300%.
Morphological Analysis of Olivine From SEM Images
[23] Etch pit cross sections artificially produce numerous small olivine grains with sizes $1 mm (Figure 1b) . As a consequence, two populations of apparent olivine grains with distinct sizes are observed in thin sections of samples where etch pits were formed: grains with sizes comparable to the IGS and submicrometric grains attributed to crosscut etch pits. Figure 4 shows that these two populations are observed in nearly all of the experiments. In experiments with the larger IGS (runs 10, 2, 7 and 8), a third population of grains was found with sizes intermediate between etch pit-associated sizes ($1 mm), and IGS. For experiments having an IGS of 38-50 mm, the mean apparent grain diameter ( D app ) is 21 mm in run 8 whereas it decreases to 7 mm for run 7 which lasted 2.5 times longer. Olivine grains of run 7 appear to be highly fractured (Figure 3b ). Fracturing could be responsible for the grain size decrease observed in this run (and in run 10, Figure 4g ).
[24] The role of fracturing in creating new reactive surface area was investigated by examining its effect on serpentinization kinetics (z = f (t), Figure 5 ) retrieved for run 2 (50-63 mm), run 10 (38-50 mm) and run 22 (5-15 mm). As a first-order approximation, the kinetics were found to be inversely proportional to the initial surface area (section 3.2). Consequently, to study second-order effects on the reaction kinetics, the rate of serpentinization ( ∂z ∂t ) was normalized to the initial specific surface area calculated from the IGS assuming spherical grains. It was then plotted as a function of z (Figure 5b ). The corresponding curves display a bell shape consistent with the sigmoidal shape of the z = f (t) function ( Figure 5 ). The maximum normalized rate of run 2 is five times greater than that of run 22. This difference can be interpreted as the effect of fracturing in run 2 which involved larger olivine grains.
[25] In order to quantify the effect of grain fracturing on the creation of new reactive surface area, the mean diameter of residual olivine grains (Table 1 ) was compared to the Figure 4b) . (e-f) Ellipticity versus apparent C/S for IGS of 38-50 mm (runs 8, 12, 10, and 7). C/S retrieved from image analysis as a proxy of the grain size. Compared to D app , C/S tends to cluster the grains of larger diameter and yields a better graphical representation of the grain size distribution for small IGS. mean grain diameter of the unreacted powder. A weighted mean of the grain diameter (WMD) was used to remove the contribution of artifact grains associated with etch pit cross sections. For small IGS (5-15 mm, initial WMD = 7.3 mm), the smallest WMD is 6.2 mm for an experiment having reached 89% reaction extent (run 22). This decrease is small and can be merely accounted for by mineral dissolution alone. In experiments with larger IGS (38-50 mm, initial WMD = 37.6 mm), however, a stronger decrease in WMD is observed. WMD drops by 27% in run 7 that is characterized by $1% reaction progress. Considering this very low reaction progress, the decrease in WMD in run 7 cannot be attributed to mineral dissolution only, and grain fracturing must be the dominant grain size reduction process.
Microstructure of Serpentinized Peridotite Samples From the Southwest Indian Ridge
[26] Two samples with a typical serpentine mesh texture were studied. The olivine composition determined with EDX is Fo 90.5 -Fo 91 . The degree of serpentinization deduced from image analysis on $1 mm 2 olivine-rich domains, is 83% AE 3% and 80 AE 3% in samples EDUL-DR25-3-1 and EDUL-DR25-7-5, respectively. The serpentine mesh surrounding the olivine relicts is consistent with literature descriptions of partially serpentinized abyssal peridotites [Dilek et al., 1997; Andreani et al., 2007] . It is characterized by fractures filled with lizardite (determined on the basis of Raman spectra) which separate and partition the original olivine grains. The contact between olivine and serpentine is either sharp or displays indentations, 1 to 10 mm in size (Figure 6b ), similar to those observed in our experimental products (Figure 6a ). They are interpreted, following Velbel [2009] , as mammillated surfaces related to etch pit formation.
Discussion
The Rate Limiting Processes
[27] In our experiments, the serpentinization rate is found to be proportional to the geometric surface area of the starting material olivine down to an initial grain size of $5 mm. Residual olivine surfaces display dissolution features, the size and the morphology of which evolve with serpentinization progress. This strongly suggests that olivine dissolution was the rate-limiting process for serpentinization in our experiments. To test this interpretation, the kinetic data retrieved for these experiments were compared to simulations of olivine dissolution at 300 C and 500 bars using dissolution rates from the literature [Wogelius and Walther, 1992; Blum and Lasaga, 1988; Pokrovsky and Schott, 2000; Chen and Brantley, 2000; Rosso and Rimstidt, 2000; Oelkers, 2001; Hänchen et al., 2006] . For these simulations, we used the CHESS code [van der Lee and De Windt, 2002] and an initial surface area of olivine determined using either a geometrical approximation (spherical grains of fixed diameter: 57 mm) or an estimated BET area based on a BET grain diameter correlation determined by Brantley and Mellott [2000] . These simulations all yielded dissolution kinetics that are orders of magnitude higher than the olivine serpentinization kinetics determined in the present study (Figure 7 ). This inconsistency may arise from errors due to extrapolating rates determined at far-from-equilibrium conditions at 25 to 150 C to near-equilibrium conditions at 300 C.
[28] For initial grain sizes below 5 mm (runs 5, 6 and 24), the linear relationship between serpentinization kinetics and initial surface area is no longer observed (Figure 2b ). Reaction products are also different since (1) chrysotile was produced instead of lizardite (Table 1) and (2) the morphology and magnetic properties of magnetite indicate a higher degree of crystallinity for this mineral product [Malvoisin et al., 2012] . The reaction process is therefore different when starting with olivine grains smaller than 5 mm. Our interpretation is that olivine dissolution is no longer the rate limiting process. It has been shown that chrysotile crystallization (at 300 C) requires a higher degree of supersaturation than lizardite crystallization [Grauby et al., 1998; Normand et al., 2002] . This would indicate an increase of the solution supersaturation in our experiments because of high olivine dissolution rates for IGS less than 5 mm.
[29] Some residual olivine grains are found to be armored by brucite in experiments that exceeded 85% reaction progress. This armoring is also observed in natural samples [Klein et al., 2009] and may become a rate limiting process at high degrees of reaction progress.
Comparison of Our Kinetic Law With Data From Previous Studies
[30] The kinetics data obtained here are compared to experimental data in the literature (Figure 7) . Our results are in good agreement with the results of experiments performed on ground peridotite samples with seawater [Seyfried et al., 2007; Marcaillou et al., 2011] . Serpentinization experiments Figure 6 . BSE images of thin sections across residual olivine grains in experimental products from (a) run 5 and in (b) serpentinized abyssal peridotite sample EDUL_DR25-03-01. Arrows point toward the jagged contours of olivine grains. These indentations are interpreted as cross sections of mammillated etch pits [Velbel, 2009] similar to those shown on olivine grain surfaces in Figure 4 . Comparison between serpentinization kinetic data from this study and from the literature. The conditions of our experiments (IGS and temperature) are indicated on the curves. The hatched areas (top left) correspond to modeled dissolution of olivine using CHESS. Two configurations of the reactive surface area for IGS of 57 mm are considered: BET-derived surface area (black) and geometric surface area (grey); see details in text. Black area refers to data for synthetic forsterite powders between 210 and 245 C from the work of Martin and Fyfe [1970] . Ground natural peridotite with IGS of 50-100 mm at 200 C is from the work of Seyfried et al. [2007] (squares and "Sey") and with IGS of $1 mm at 300 AE 50 C from Marcaillou et al. [2011] and Marcaillou [2011] (grey area). The kinetic law used in numerical modeling by Emmanuel and Berkowitz [2006] ("E&B") and Rudge et al. [2010] ("Ru") is also reported for IGS of 57 mm.
of Marcaillou et al. [2011] were performed on fine initial grains ($1 mm) and reaction completion was achieved after 2 months at 300
C. This is in very good agreement with rates derived from our experiment with the smallest IGS (1-5 mm) that reached completion after $2.5 months (run 24) and for which olivine dissolution was not the rate-limiting factor. Serpentinization experiments of Seyfried et al. [2007] were performed on peridotite at 200 C and 500 bars with IGS from 50 to 100 mm, and did not reach completion after 8000 h. This is also in good agreement with our experiments with IGS of 38-50 mm and 50-63 mm (Figure 7) . Furthermore, Marcaillou et al. [2011] and Seyfried et al. [2007] showed (1) that olivine is the most abundant phase in their powder peridotite sample (76 mol % and 62 vol %, respectively). Marcaillou et al. [2011] and Okamoto et al. [2011] also showed (2) that natural olivine reacts faster than pyroxene with seawater at 300 C/300 bars and deionized water at 250 C/vapor-saturated pressure, respectively. These are the reasons why data collected on olivine hydration (this study) are in accord with data acquired on ground natural peridotite samples at temperatures between 200 and 350 C.
[31] The most extensively used serpentinization rate law is that of Martin and Fyfe [1970] [e.g., Allen and Seyfried, 2004; Emmanuel and Berkowitz, 2006; Delescluse and Chamot-Rooke, 2008; Iyer et al., 2010] . It was established for synthetic forsterite with grain sizes of 58-79 mm. The results of Martin and Fyfe [1970] were confirmed by the data collected on synthetic forsterite by Wegner and Ernst [1983] . The dependency of the serpentinization rate with temperature (i.e., asymmetric bell shape with a maximum serpentinization temperature of $300 C) found by Wegner and Ernst [1983] is confirmed in our study. However, our results differ slightly from the symmetric bell curve with a peak temperature of 260 C observed by Martin and Fyfe [1970] .
[32] The time period needed to reach $70% of serpentinization is of 8 d at the peak temperature in the work of Martin and Fyfe [1970] . For an equivalent grain size and at the peak temperature (300 C, run 2), 70% of serpentinization is only reached after 470 d in the present study. Consequently, the rate of serpentinization found here is approximately 60 times slower than that reported by Martin and Fyfe [1970] (Figure 7 ). These authors did point out a discrepancy between the kinetics that they derived for runs with synthetic forsterite and the kinetics that they obtained for natural olivine with similar initial grain sizes, which were 2 to 3 times slower. A possible reason for this difference is the use of synthetic olivine [Martin and Fyfe, 1970] instead of natural San Carlos olivine, whose grain size was controlled more precisely. On the other hand, the present study shows that olivine alteration is no longer a simple function of IGS for sizes below 5 mm. Differences in olivine composition and, in particular, the absence or presence of a FeO component is another possible source for this discrepancy (e.g., which in turn may be related to the production, or not, of magnetite).
[33] Moreover, the high rates of serpentinization reported by Martin and Fyfe [1970] , Wegner and Ernst [1983] , and in this study for IGS below 5 mm, are associated with the production of chrysotile whereas lizardite is the main polymorph produced at mid-ocean ridges [Caruso and Chernosky, 1979; Wicks and Plant, 1979; Andreani et al., 2007] . Therefore, in addition to the problem associated with the size dependency of such high kinetic data (see above), their extrapolation to the serpentinization of olivine in oceanic peridotites may be questionable.
From Experiments to Nature
[34] Since the rate of olivine dissolution is directly related to its reactive surface area, the sigmoidal shape of the kinetic law derived in this study suggests that reactive surface area is created in the course of olivine serpentinization. This is consistent with residual olivine textures with etch pits and cracks, two features which promote the creation of new reactive surface area [MacDonald and Fyfe, 1985; Lüttge, 2005; Fletcher et al., 2006; Røyne et al., 2008; Kelemen and Matter, 2008; Iyer et al., 2008; Rudge et al., 2010; Okamoto et al., 2011] .
[35] Velbel and Ranck [2008] and Velbel [2009] described the formation of etch pits on olivine surfaces during low-temperature weathering and argued that etch pits do not form in the course of oceanic serpentinization, which is a higher temperature process [Velbel, 2009] . Abundant etch pits with different morphology and sizes were however clearly observed in the present study and during alteration of olivine in the work of King et al. [2010] (and also probably in the work of Moody [1976, Figure 4 ] even if they were interpreted differently). As shown here, olivine grains in samples of the Southwest Indian Ridge (Figure 6 ) also exhibit mammilated surfaces. Etch pits in experimental and natural samples have comparable sizes of 1-10 mm. Etch pit-like indentations on olivine grains are also found in orogenic peridotite samples serpentinized during the exhumation of the Sulu ultrahighpressure metamorphic belt [Liu et al., 2010, Figure 2b ]. This suggests that etch pit formation during serpentinization is a common feature. The similarity between reaction textures of olivine in natural samples and in our reaction products further suggests that the surface-dependant kinetics determined experimentally for initial olivine grain sizes >5 mm can be applied to natural serpentinization. However, this implies recognition of some critical differences that may influence the results, in particular petrological properties Figure A1 . Temperature dependence of the reaction kinetics (1 for maximum rate and 0 for no reaction). Solid circles are data for runs 7, 8, 10, 11, and 12. The solid line is function f 1 and the dashed line is function f 2 (see text).
such as the variability and evolution of the iron content in hydrous minerals and of the mineralogy in the abyssal peridotites, which suggest changing thermochemical conditions during natural serpentinization. The present experimental data set reproduces fundamental natural characteristics such as olivine dissolution features and lizardite crystallization, as well as it accounts for the effects of temperature and grain size. We suggest that future research addresses the dependency of the reaction kinetics with the solution composition (e.g., pH, silica activity, redox) and water activity [e.g., Gasc et al., 2011] . The effect of pressure on serpentinization reaction kinetics is expected to be small compared to that of temperature, at least in the pressure range of oceanic hydrothermal alteration. However, the present results may not apply to serpentinization at the high pressures associated with subduction zones where antigorite is expected to form in lieu of lizardite, anyway. (1) the removal of the first reaction stage (O), interpreted as an experimental artifact, and (2) the scaling of our data to maximum reaction progress of 100% instead of $90%, that is, the maximum reaction progress due to olivine armored by brucite.
A1.1. Effect of Temperature on the Serpentinization Reaction Kinetics
[37] Using runs 7, 8, 10, 11 and 12 (initial grain size, IGS = 38-50 mm), the effect of temperature (T in K) on reaction kinetics has been successfully fitted to a function ( Figure A1 ) derived from Transition State Theory as proposed by Lasaga [1981] and Lasaga [1995] :
The fitted parameters are A = 808.3, b = 3640 K, T 0 = 623.6 K and c = 8759 K.
[38] f 1 (T) is an asymmetric bell-shaped function which therefore differs from the Gaussian function, f 2 (T) = exp (Àa(T À T m )
2 ), which was also proposed to fit the data of Martin and Fyfe [1970] by Kelemen and Matter [2008] . We, however, fitted our data to a Gaussian function ( Figure A1 ) for comparison, a = 4.283.10 À4 K À2 and T m = 555.5 K.
A1.2. Reaction Progress Expression
[39] Reaction progresses (z) which display a sigmoidally shaped function with time (t in hour) are often treated with the Avrami formalism. The plot of the data in a log t R 2 À Á (with R = IGS/2 in mm) versus log(Àlog(1 À z)) diagram shows, however, that the Avrami formalism does not apply to all IGS (Figures A2a and A2c). For IGS of 50-63 mm, the sum of two Avrami-type functions would be required. This is consistent with the notion that, at a minimum, two reaction processes operate for the largest olivine IGS, that is, grain fracturing and dissolution (see section 3.6).
[40] The reaction progress versus time function was thus fitted to a mathematical function inspired by the Avrami formalism [Avrami, 1939] with parameters depending on the IGS ( Figure A2b for 5 mm < IGS < 50 mm and Figure A2d for IGS 50 mm). Within each range of IGS, extrapolation to other IGS is achieved with a simple geometrical surface term (R 2 , square radius). Overall, the reaction progress is expressed as follows:
with k and n as Avrami parameters that depend on the IGS (see Figure A2) .
[41] It should be noted that the corresponding kinetic function does not apply to runs 5, 6 and 24 with an IGS <5 mm, for which the serpentinization processes are different (see main text for discussion).
